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A reaction microscope (ReMi) has been combined with a magneto-optical trap (MOT) for the kinematically
complete investigation of atomic break-up processes. With the novel MOTReMi apparatus, the momentum
vectors of the fragments of laser-cooled and state-prepared lithium atoms are measured in coincidence and over
the full solid angle. The first successful implementation of a MOTReMi could be realized due to an optimized
design of the present setup, a nonstandard operation of the MOT, and by employing a switching cycle with
alternating measuring and trapping periods. The very low target temperature in the MOT (∼ 2 mK) allow
for an excellent momentum resolution. Optical preparation of the target atoms in the excited Li 22P3/2
state was demonstrated providing an atomic polarization of close to 100 %. While first experimental results
were reported earlier, in this work we focus on the technical description of the setup and its performance in
commissioning experiments involving target ionization in 266 nm laser pulses and in collisions with projectile
ions.
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2I. INTRODUCTION
Our knowledge of the structure of matter and our
understanding of the interaction and dynamics in few-
particle systems is to a large extent based on the sys-
tematic observation of scattering processes starting with
the pioneering work of Rutherford1. Over the decades
the experimental techniques were refined by detecting
ejected electrons or emitted photons in addition to the
scattered particles. Scattering studies on atomic and
molecular systems experienced a further boost with the
development of reaction microscopes (ReMi), also re-
ferred to as COLTRIMS (cold target recoil ion momen-
tum spectroscopy)2. With this technique the charged
fragments of atomic or molecular targets can be detected
in coincidence essentially with a 4pi solid angle obtain-
ing their momentum vectors and, thus, providing the
full kinematical information of scattering events. In the
last 20 years, reaction microscopes have been used ex-
tensively to study the dynamics of atomic and molecular
fragmentation processes in different experimental situa-
tions involving charged particle impact3,4, synchrotron
radiation5, intense femto-6 and attosecond7 light pulses,
as well as free electron lasers8.
This experimental technique requires gaseous targets
at very low temperatures, as otherwise the thermal mo-
mentum spread at room temperature would make the re-
coil ion momentum measurement essentially insensitive
to the scattering dynamics. In conventional reaction mi-
croscopes low target temperatures are realized employ-
ing supersonic expansion in gas jets. This way, noble
gas atoms, molecular gases and clusters or, in few exper-
iments, also atomic hydrogen dissociated by microwave
radiation9 are provided for collision experiments. How-
ever, the momentum resolution achievable with gas jet
targets is still limited by the initial temperature. The
lowest temperatures are obtained for helium and are typ-
ically below 1 K along the jet expansion direction corre-
sponding to a momentum spread of ∆p‖ ≈ 0.2 a.u.
With the development of laser cooling10 the experi-
mental tools for the preparation of cold atomic samples
have been substantially advanced in the last 25 years.
Nowadays, laser-cooling techniques are used in a huge
number of experiments, e.g. for precision spectroscopy11,
atom optics12,13, and ultra low temperature quantum dy-
namics (recent examples can be found in Ref. 14–16 and
references therein). Here, magneto-optical traps (MOT)
are often used e.g. to pre-cool atoms for loading dipole
or magnetic traps. Compared to gas jets, MOTs do
not only allow for much lower temperatures (typically
<1 mK), they also extend the number of atomic species
available as cold gases substantially. Today more than
20 elements can be trapped in MOTs, among others all
alkali and alkali earth metals as well as metastable no-
ble gas atoms16. Moreover, atoms trapped in MOTs can
easily be prepared in excited states and even polarized
due to electronic transitions accessible by visible lasers
light17.
The momentum resolved detection of recoiling ions
from MOT targets in so-called MOTRIMS apparatuses
was achieved already more than fifteen years ago18 and is
now employed conventionally in many experiments19–24.
However, the first successful coincidence measurement of
emitted target electrons with recoil ions in a MOTReMi,
i.e. the combination of a fully equipped reaction micro-
scope with a MOT target, has been reported only very
recently25. The difficulty in realizing such an experiment
is to overcome the apparent intrinsic incompatibility con-
nected to the magnetic fields used in reaction microscopes
and MOTs, respectively.
In this paper we give detailed insights in the novel ex-
perimental technique of the MOTReMi. The experimen-
tal setup consisting of the reaction microscope and the
MOT target is discussed and commissioning experiments
are reported.
II. EXPERIMENTAL SETUP
The MOTReMi setup described in this paper was de-
veloped for experiments at an ion storage ring, the test
storage ring TSR at the Max Planck Institute for nuclear
physics in Heidelberg26,27, in order to study ion-atom col-
lision dynamics28,29. The combination of a reaction mi-
croscope and a MOT as well as its operation in an ion
storage ring, requires a novel design of each of the indi-
vidual components. Even though the MOTReMi setup
is primarily designed to be used in an ion storage ring,
it can easily be adapted to work with almost any other
projectile species. In the following, the description of the
setup will focus on the distinctive features of the MOT
and the ReMi. The general techniques involved in the
setup will only briefly be summarized as they are well-
documented in literature2,10.
A. The reaction microscope
Reaction microscopes allow for the coincident momen-
tum imaging of the charged fragments of an atomic or
molecular target30. The working principle can be sum-
marized as follows: The target gas and the projectile
beam overlap in a well-localized reaction volume within
a weak homogeneous electric field. On either side of this
extraction field a position- and time-sensitive detector is
located, to which electrons and positively charged tar-
get ions are guided. The recoiling ions have a kinetic
energy of a few ten meV or less and can therefore be de-
tected with an effective solid angle of nearly 4pi even with
low extraction voltages (typically a few V/cm). How-
ever, emitted electrons usually have considerably higher
kinetic energies. In order to increase the electron momen-
tum acceptance, a weak homogeneous magnetic field of
a few Gauss is superimposed along the spectrometer axis
such that the electrons are guided on spiral trajectories
towards the detector. The momenta of the charged frag-
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FIG. 1. Schematic drawing (a) and side view (b) of the spec-
trometer. It consists of two symmetric outer parts and an
inner part with the magnetic MOT coils. The projectile ion
beam is indicated by the green arrow in (b).
ments can then be calculated from their positions on the
detectors and their time-of-flights, which are measured
with respect to a reference time given either by a single
detected projectile or by a timing signal from a buncher
yielding a pulsed beam.
Reaction microscopes are operated in many labora-
tories worldwide and their mechanical designs as well
as their field configurations and imaging properties are
adapted to the specific experimental situations. These
features are discussed in the following for the present
setup.
1. Mechanical design of the spectrometer
In a reaction microscope, the electrostatic extraction
field is generated by electrodes. They have to enable
a smooth potential profile avoiding fringe fields close to
the particles’ trajectories. Due to the combination of the
spectrometer with a magneto-optically trapped target,
their design needs to meet additional requirements:
• The spectrometer has to accommodate a pair of
MOT coils generating a quadrupole magnetic field.
As will be detailed in section IIC 1, the size of these
coils should be as small as possible in order to en-
able a fast switch-off of the field.
• The target position needs to be optically accessible
along three (almost) orthogonal axes for the cooling
laser beams which have a diameter of 15 to 20 mm.
The implementation of the MOTReMi in the TSR re-
sults in an additional constraint:
• An open space for the ion beam of 100× 70 mm in
the horizontal and vertical direction, respectively, is
required in order to avoid a reduction of the phase
space acceptance of the storage ring. Although the
aperture can be considerably smaller during data
taking, the larger opening facilitates beam adjust-
ment and injection of the initially not yet cooled
projectile beam.
In general, the spectrometer design depends also on the
choice of the extraction direction with respect to the pro-
jectile beam axis. In the literature longitudinal as well
as transversal extraction schemes are reported31, both
having advantages and drawbacks. The present setup
features a close-to-longitudinal extraction with the spec-
trometer axis being vertically inclined by an angle of 8◦.
This geometry was chosen because placing the electron
detector downstream of the reaction volume extends the
accessible momentum space towards the continuum of the
fast moving projectile. There, a non-negligible electron
flux occurs in reactions such as e.g. ECC32,33(electron
capture to the continuum) or projectile ionization34,35.
The aforementioned requirements as well as the choice
of the extraction direction determine the design of the
present spectrometer. A sketch of the setup is shown
in Fig. 1. It consists of 84 ring electrodes and two end
caps which are distributed coaxially over a distance of
860 mm symmetrically around the reaction volume. Me-
chanically, the spectrometer consists of three indepen-
dent parts: The center part accommodates 14 electrodes
and the MOT coils, the two outer parts are mirror in-
verted and comprise 35 rings each.
In order to allow for small MOT coils close to the spec-
trometer center and for a large projectile beam aperture
at the same time, the rings increase in size towards the
outside due to the inclination between projectile beam
and spectrometer axis. The inner diameters are 100 mm
for the central rings and 194 mm at the detector planes.
Particular attention was paid to the design of the MOT
coils (see section IIC). In all earlier MOTRIMS setups
the axes of the coils are oriented perpendicular to the
extraction direction. However, the smallest coil size is
realized for a coaxial orientation with the spectrometer
rings. In the present design, the coils are embedded in
the spectrometer and their holders act as electrodes. The
coil holders and the innermost ring electrodes are made
of gold-plated aluminum which facilitated the fabrication
and provides stable electrostatic conditions. All other
rings are made of stainless steel.
Because the MOT magnetic fields are switched during
operation, eddy currents could potentially arise from this
mode of operation. To avoid such effects, which result in
slower magnetic field decays, any closed conducting loops
are avoided and all ring electrodes that are exposed to
the MOT field are cut.
4The position- and time-sensitive detectors consist of
stacked 80 mm micro-channel plates (MCP) combined
with delay-line anodes for the position readout36. Dur-
ing data taking, the detectors need to be centrally po-
sitioned with respect to the spectrometer axis. In order
to increase the storage ring phase space acceptance e.g.
during ion beam injection, the detectors are mounted on
motorized manipulators with a stroke of 50 mm and can
vertically be moved with a speed of up to 20 mm s−1 and
positioned with a high repeatability.
Three orthogonal pairs of counter-propagating laser
beams are used to cool and trap the target atoms. Two
of the beam pairs enter the spectrometer from orthogo-
nal directions through a gap of 17 mm between the two
central spectrometer rings. In a conventional orthogo-
nal configuration of the laser beams, the direction of the
third pair would coincide with the spectrometer axis. In
the present setup, however, such a scheme is impossible
because this direction is blocked by the particle detec-
tors. Therefore, these beams are horizontally tilted by
12.5◦, passing the detectors on the side.
2. Electric and magnetic field configurations
The reconstruction of the momenta relies on smooth
and unambiguous imaging properties of the electric ex-
traction field. As mentioned above, the field is generated
by 84 ring electrodes each of which needs to be electri-
cally connected to the appropriate voltage source. In
order to keep the number of electrical feedthroughs and
cables in the vacuum reasonably low, the electrodes are
consecutively connected with resistors acting as a voltage
divider. The resistors are vacuum prebaked and selected
matching the resistance (100 kΩ and 17 kΩ for the outer
and the center part of the spectrometer, respectively)
with an accuracy of ±0.1%. 16 of the electrodes are di-
rectly accessible from the outside of the vacuum chamber
allowing for a large flexibility in field configurations.
The ReMi is normally operated in a Wiley-McLaren37
or time-focussing configuration. Here the charged frag-
ments are first accelerated in a homogeneous electric field
over a distance of a before they pass a field-free drift re-
gion of length d = 2a. With this condition the time of
flight of the particles depends to the first order only on
their momenta along the extraction direction and not on
their initial position. Therefore, the longitudinal momen-
tum resolution is not (or only little) affected by the finite
size of the reaction volume.
With the present experimental setup the condition d =
2a is not exactly realizable because a direct adjacency of
two regions with constant and zero field, respectively,
cannot be generated with ring electrodes. Therefore, the
electric fields and the particle trajectories were simulated
and optimized using the software SIMION. The field of
a standard time focusing configuration is illustrated in
Fig. 2(a). It should be noted, that the time-focusing
field geometry is of tremendous importance for a high-
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FIG. 2. Typical electric field configurations of the spectrom-
eter. Extraction with standard Wiley-McLaren configuration
(a) and with spatial focusing for the recoil ions (b) employing
an electrostatic lens. Some of the electrodes are connected to
external voltage supplies as indicated in the figure. The volt-
ages on all other electrodes are determined by their resistive
interconnection (see text).
resolution recoil ion momentum determination, however,
for electrons its effect is much weaker and in most cases
even negligibly small.
The finite size of the reaction volume also affects the
achievable resolution for the momentum components per-
pendicular to the extraction direction. For the recoil
ions, this effect can strongly be reduced by transverse
focusing. It is achieved by employing an electrostatic
lens close to the reaction volume, where the positions of
the ion trajectories are still governed by the ions’ ini-
tial coordinates and not by their initial momenta. Even
if operating the lens, time focusing can still be realized
e.g. by increasing the relative length of the drift region
compared to the Wiley-McLaren configuration. Such a
three-dimensionally focusing spectrometer field has been
successfully used and reported earlier (see Ref. 38 and
references therein) and it can also be realized with the
present setup.
5Alternatively, position and time focusing can simul-
taneously be achieved by keeping the length of the ac-
celeration region as in the Wiley-McLaren configuration
but by changing the drift to a deceleration region. In
this configuration, the ions are first accelerated and spa-
tially focused in an increasing electric field before the
field reverses, decelerating the ions [see Fig. 2(b)]. The
main advantage of this configuration over the standard
three-dimensional focusing is that the maximum electric
potential in the spectrometer is higher and, as a conse-
quence, the energy acceptance for electrons emitted in
direction towards the ion detector is increased. Further-
more, it should be noted, that the benefit of the three-
dimensional focusing is limited if electrons and recoil ions
are detected in coincidence: First, the operation of the
electrostatic lens on the recoil ion side can affect the elec-
tron trajectories generally resulting in a reduced resolu-
tion of the electron momenta. Second, the magnetic field
required for the electron momentum imaging potentially
impairs the focusing of the ions. However, a very good
recoil ion momentum resolution has still been achieved
with this configuration (see section IVA1).
The magnetic field used to confine the trajectories of the
electrons in the transverse direction is generated by a
pair of parallel coils with 24 windings each. The coils
are approximately in Helmholtz configuration with r =
85 cm and D = 90 cm (r being the radius of the coils
and D their distance). These coils generate a homoge-
neous magnetic field with variations of less than 0.5%
within the spectrometer region. In the experiments per-
formed so far field strengths of B0 ≤ 12 G were chosen,
corresponding to a current of I ≤ 50 A. Stronger fields
increasingly affect the trapping performance of the MOT.
B. The MOT-Target
The first experimental realization of a trap for neutral
atoms exploiting the scattering of near resonant laser ra-
diation was reported in 198739. Since then, magneto-
optical traps became a standard tool in experimental
physics. A detailed discussion of this technique can be
found elsewhere, e.g. Ref. 10 and 39. The working prin-
ciple is briefly as follows: Atoms exposed to a resonant
laser beam experience a force in beam direction by the
absorption of photons and their subsequent isotropic re-
emission. Illuminating an atom cloud with three pairs
of counter-propagating and slightly red-detuned laser
beams will result in an effective cooling of the atoms
due to the optical Doppler Effect40. Furthermore, in a
MOT the resonance frequency of the atomic transition
is tuned with an inhomogeneous magnetic field that in-
creases with the distance from the trap center. For an
appropriate choice of laser polarizations, this results in a
position dependent force towards the trapping center due
to the Zeeman shifts of the different magnetic sub-levels
of the ground and excited state. In this chapter, some
details of the present setup and its loading system will be
discussed. Note, that during the experiments the MOT
was operated in a non-standard configuration, which will
be detailed in section IIC2.
1. The lithium trap
In the present setup, 7Li is trapped in the MOT. The
choice of this element is motivated by the moderate com-
plexity of lithium as a target system containing only three
electrons. This enables to test scattering models on a fun-
damental level with well-manageable complications due
to many electron effects.
Lithium was first trapped in a MOT in 199141. The op-
tical cooling transition is the D2-line between the 22S1/2
ground state and the 22P3/2 excited state corresponding
to a wavelength of λ=671 nm. The ground state splits
into two hyperfine sub states with F = 2 and F = 1 and a
frequency difference of 803 MHz. Therefore, two laser fre-
quencies, the "cooler" and the "repumper", are required
in order to maintain a closed cooling transition cycle.
In contrast to other alkali metals trapped in MOTs, for
lithium the hyperfine-splitting of the excited state is too
small (ca. 18 MHz) to allow for a selective excitation from
the 2S1/2 (F = 2) to the 2P3/2 (F = 3) state. Therefore,
a close to symmetric intensity distribution between the
cooler and repumper frequencies is required for the effi-
cient trapping of lithium atoms.
In our setup the laser frequencies are provided by
a commercial diode laser (Toptica DL pro42) which is
grating-stabilized to a linewidth of around 1 MHz and
subsequently amplified by a tapered amplifier (Toptica
TA pro) to a power of about 400 mW. The cooler
and repumper beams are prepared by acousto-optical-
modulators (AOM) that shift the incoming frequency by
several 100 MHz close to the respective resonances. Both
beams are mixed and split in a non polarizing beam-
splitter and coupled into single-mode fibers. Behind the
fibers, they contain cooler and repumper frequencies with
intensities typically between 7 and 10 mW each.
The laser beams are collimated to a diameter of 15 to
20 mm and their polarizations are prepared using com-
binations of polarizers and λ/4-plates. The first laser
beam is guided and retro-reflected with three mirrors
along two perpendicular directions transverse to the axis
of the MOT coils, which are used to generate the inhomo-
geneous magnetic field (details of the coil design are dis-
cussed in chapter II C 1). Using only one laser beam for
the two transversal directions allows operating the MOT
with substantially higher laser intensities that would oth-
erwise limit the trapping efficiency. The second beam is
used to cool and trap the atoms in the longitudinal direc-
tion. It has a small pitch of 12.5◦ with respect to the coil
axis (which coincides with the spectrometer axis) thereby
passing the electron and recoil ion detectors laterally.
6Li atomic beam 
from oven
cooling
laser
beams
Magnetic
field lines
trapped
Li atoms
FIG. 3. Schematic diagram of the 2D MOT.
2. The 2D MOT loading system
In order to be trapped in the MOT, lithium atoms
need to have a low velocity (a few ten m/s). In the setup
described here, the MOT is loaded with a slow and pre-
cooled beam of lithium atoms that was formed in a 2D
MOT (e.g. as descibed in Ref. 43 and 44). In contrast to
Zeeman slowers, which are used in most other setups, in
2D MOTs the atoms are not only slowed down along the
atomic beam direction, but also cooled perpendicular to
the beam axis. This results in smaller divergence angles
of the atomic beam allowing for high capture efficiencies
even at relatively long distances between the 2D MOT
and the trap. In the present experiment, a large distance
between the loading system and the MOT target is re-
quired in order to avoid any magnetic stray field in the
spectrometer region.
Our 2D MOT setup is based on the design devel-
oped by Tiecke et al.44. It is placed at a distance of
about 510 mm to the trapping volume. The magnetic
quadrupole field is generated by two perpendicular pairs
of rectangular Anti-Helmoltz coils, each of which has 4
windings and is formed by a water-cooled copper tube
(outer diameter of 3 mm) as depicted in Fig. 3. The coils
are typically operated at a current of 50 A resulting in a
magnetic field gradient of ca. 8 G/mm.
For the cooling and trapping in two dimensions only
one laser beam is used and guided along two perpendicu-
lar axes using three mirrors. The laser beam is collimated
to a diameter of about 12 mm and contains cooler and re-
pumper frequencies with intensities of 25 mW to 35 mW
each. The lithium oven is situated 160 mm below the 2D
MOT trapping region. Here, lithium is heated to tem-
peratures of up to 670 K. Despite the high temperature
of the atoms evaporating from the oven, the capture rate
in the 2D MOT is still sufficient due to the high laser
intensities and magnetic field gradients.
In the 2D MOT the atoms are cooled and trapped in an
ellipsoidal cloud from which they are transferred to the
main target MOT with an additional low-intensity (ca.
1 mW) and well-collimated (3 mm diameter) laser beam.
This push beam contains only the repumper frequency
which is slightly red-detuned to the 2S1/2 (F = 1) to
2P3/2 (F = 0, 1, 2) transition. After leaving the spatial
overlap with the transverse cooling beams, the atoms are
pumped into the F = 2 ground state and do not interact
with the push beam any more. In this way a slow directed
atomic beam is formed.
C. The combination of MOT and reaction microscope
The biggest challenge in combining the two experimen-
tal techniques of reaction microscope and MOT is han-
dling and resolving their intrinsic incompatibility due to
different magnetic field configurations: The momentum
resolved detection of electrons requires a homogeneous
magnetic field, whereas the trapping of atoms in the
MOT relies on an inhomogeneous magnetic quadrupole
field at the trapping region. Generally, this issue is solved
by periodically switching between two operation modes,
in the first one trapping and cooling the atoms in the
MOT, and in the second one acquiring the time and po-
sition data of the atomic fragments in the reaction mi-
croscope with the quadrupole field being switched off.
The switching of the MOT magnetic field was realized al-
ready in earlier MOTRIMS experiments in order to allow
for a higher recoil ion momentum resolution20,22,23. In
the present case, the requirements for the field switching
are particularly challenging. On the one hand, the elec-
tron trajectories in the spectrometer are very sensitive to
field fluctuations which should therefore not exceed about
10 mG. On the other hand, it is not straight-forward to
maintain sufficient target density while the MOT mag-
netic field is switched off. At a typical temperature of
1 mK, the velocity dispersion of the lithium atoms along
each coordinate amounts to about 1 m/s. For a cloud di-
ameter of 2 mm (FWHM) the number density of the 7Li
atoms drops by a factor of 4 in only one millisecond after
switching off the cooling lasers and the magnetic field. In
the following, the specific design and the developed oper-
ation scheme for the simultaneous operation of reaction
microscope and MOT are described.
1. The operation of the reaction microscope: Fast magnetic
field switching
Essential for the operation of the reaction microscope,
i.e. for the momentum resolved detection of the electrons,
is the fast switch-off of the MOT magnetic field. In order
to achieve a high duty-cycle, a high target density, as well
as high electron momentum resolution, the MOT mag-
netic field should decay to 0.1 % of its initial magnitude in
well below 1 ms. Such a switching performance is difficult
to realize, because secondary magnetic fields caused by
eddy currents induced in the surrounding materials can
decay on significantly longer time scales. Therefore, any
magnetic flux through conducting loops or metal surfaces
(e.g. the walls of the vacuum chamber) should be avoided
and the MOTmagnetic field should be as compact as pos-
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FIG. 4. Photograph and drawing of the MOT magnetic coils
and the inner spectrometer part.
sible, at the same time providing sufficient magnetic field
gradients for the magneto-optical trapping.
The MOT magnetic coils were carefully designed in or-
der to meet the above requirements (see Fig. 4). They are
formed by a water-cooled and Kapton-wrapped copper
tube (3 mm outer and 2 mm inner diameter). The size of
the coils was minimized by embedding them in the spec-
trometer ring electrodes. They consist of 15 windings
each with an average diameter of 122 mm and a distance
of 68 mm from each other. A further confinement of the
magnetic field was achieved by introducing compensation
coils outside the MOT coils. These coils have a slightly
larger diameter (140 mm) and distance from each other
(120 mm) and they consist of 6 windings each carrying
the same current in the opposite direction as their adja-
cent MOT coils. With this configuration, field gradients
of 9.7 G/cm and 4.5 G/cm at a current of 30 A are created
in the axial and radial directions, respectively.
The magnetic field was calculated with a MATHE-
MATICA code from Gehm45 and is in excellent agree-
ment with the measured data along the axial and
transversal axes (Fig. 5). In the figure, three coil con-
figurations are compared: (i) a pair of coils as reported
in Schuricke et al.46; (ii) the present MOT coils without
compensation coils; and (iii) the standard configuration
of the present setup including both MOT and compen-
sation coils. The currents are adapted to provide sim-
ilar field gradients in the trapping center for all three
schemes. The main difference between the configurations
(i) and (ii) is the size of the coils. By choosing the mini-
mal size as in (ii), the magnetic field at the walls of the
vacuum chamber at a distance of 20 cm from the MOT
center is reduced by one order of magnitude compared to
(i). Using the compensation coils as in (iii) reduces the
field by an additional factor of 10, resulting in a negligi-
ble magnetic field strength at the vacuum chamber walls
(see also Fig. 6).
The switching of the current is performed with a simple
metal-oxide semiconductor field-effect transistor MOS-
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FIG. 5. Calculated (lines) and measured (symbols) magnetic
field in axial and radial directions for the MOT coil geome-
tries (i), (ii), and (iii) (see text). The respective coil currents
are 2.9A, 2.3A, and 3A and adapted to provide similar field
gradients at the trap position (z = r = 0).
FET (IFRB3077). Due to the comparably low induc-
tance of about 70 µH, the current of 30 A can be switched
at a time scale of 100 µs with moderate corresponding
voltages of only about 20 V.
The decay of the magnetic field can be significantly
slower than the switch-off of the coils current. A very
sensitive test of the MOT magnetic field decay represents
the time-of-flight and position measurement of electrons
emitted from the lithium atoms in photoionization pro-
cesses (see chapter IVA). After about 250 µs only minor
changes of the electron trajectories are observed. Small
fluctuations occur in the recoil ion time-of-flight about
200 to 400 µs after the switch-off. They are assigned to
mechanical vibrations of the ring electrodes due to the
magnetic field switching. However, these small effects
are easily accounted for by either choosing appropriate
time windows after the switch-off or by using simple cor-
rection algorithms in the data analysis.
2. Operation of a 2.5D MOT: Trapping in a time-dependent
asymmetric magnetic field
Besides target temperature and density another impor-
tant property of every MOTRIMS experiment is the ob-
tainable duty cycle, i.e. the relative duration of the MOT
magnetic field being switched off should be as long as pos-
sible. In earlier MOTRIMS experiments with switched
magnetic fields20,22,47 a relatively high duty cycle was
obtained because the traps didn’t have to be completely
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FIG. 6. Density plots of the calculated magnetic field
strengths for three different designs of the MOT coils. Figure
(a) and (b) correspond to the examples (i) and (ii) in the text,
respectively. In Fig. (c) the field is depicted for configuration
(iii) that is used in the present setup. The white circles in the
graphs indicate the position of the chamber walls.
reloaded in each switching cycle. Most atoms remained
in the vicinity of the trapping position throughout the
switching period and could be recaptured with high ef-
ficiency. In contrast, the superimposed homogeneous
ReMi magnetic field results in the breaking of symme-
try of the magnetic field with respect to the center be-
tween the MOT coils. This field asymmetry along with
the switching of the MOT coils has substantial implica-
tions for the trapping and recapturing performance of the
MOT.
Conventional magneto-optical trapping of the atoms
in the asymmetric magnetic field would result in a dis-
placement of the target cloud from the center between
the MOT coils, because for counter-propagating cooling-
laser beams of opposite circular polarizations (σ+ − σ−)
the trapping potential has its minimum at the zero cross-
ing of the magnetic field [Fig. 7(a), top, and Fig. 8(a),
top]. Once the MOT coils are switched off, the homo-
geneous magnetic field remains resulting in a position-
independent Zeeman splitting [Fig. 7(a), bottom], i.e.
there are different detunings for the σ+ and σ− polarized
laser beams. Therefore, the longitudinal forces along the
magnetic field direction are not balanced any more push-
ing the target cloud even farther away from the center
[Fig. 8(a)]. In this conventional mode a measuring period
of 1 ms was achieved and the trap had to be reloaded in
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FIG. 7. Energy level diagram of the 2s and 2p states (neglect-
ing electron and nuclear spins) along the z-Axis. The Zeeman
levels are shown for the superposition of MOT and homoge-
neous ReMi magnetic fields (top row) and for the MOT field
being switched off (bottom row). The vertical curvilinear ar-
rows illustrate the absorption of photons in standard MOT
(a) and in 2.5D MOT configuration (b) with σ− − σ− polar-
ization of the laser light. The horizontal arrows indicate the
spontaneous forces due to the interaction of the atoms with
the two antiparallel laser beams.
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FIG. 8. Fluorescence images of the lithium cloud taken for
several time steps after the MOT magnetic field switch-off
with a CCD camera. The homogeneous ReMi magnetic field
is oriented along the z direction. In (a) the atoms are trapped
in the standard MOT configuration. In (b) the cloud is shown
for the 2.5D MOT configuration with σ− − σ− polarizations
of the laser beams along the z direction. The red horizontal
line depicts the trap center.
9each cycle requiring loading times in the order of seconds.
The corresponding duty cycle of less than 0.1 % could be
increased by keeping the atoms in the vicinity of the trap-
ping position e.g. by the synchronized switch-off of the
laser beams48. However, without the optical molasses,
i.e. without the cooling forces of the lasers, the cloud ex-
pands more rapidly limiting the maximum duration of
the MOT field switch-off.
The above-mentioned secondary effects are avoided by
using two laser beams with the same polarizations, (e.g.
σ− − σ−), along the ReMi magnetic field axis. In this
configuration, the longitudinal forces are always balanced
making the position of the atom cloud largely indepen-
dent on the magnetic field [Fig. 7(b)]. However, the laser
beams do not exert a trapping force on the atoms in the
longitudinal direction which results in a diffusive leaking
of the atoms out of the trap. In the present setup, the
effective trapping is achieved by a slight misalignment
such that the counter-propagating beams are not coax-
ial but antiparallel with a small offset from each other.
The Gaussian intensity profiles of the beams result in
a position-dependent scattering rate which, for a proper
geometrical beam arrangement, causes the atoms to cir-
culate around the trap center. In this way, there is a
coupling of the longitudinal velocities of the atoms to
the transverse ones where the MOT cooling and trapping
works in a conventional manner and the atoms execute
a damped vortex motion. This trapping configuration,
which we dub "2.5D MOT", is reminiscent to earlier re-
ported experiments referred to as "supermolasses"49 or
as "vortex-force trap"17,50. In this configuration only a
minor movement of the atom cloud is observed during
the switching cycle [Fig. 8(b)] and excellent duty-cycles
of up to 50 % are achieved.
III. MOT OPERATING PARAMETERS AND TARGET
PROPERTIES
The achievable trapping performance of the present
2.5D MOT is, compared to conventional MOTs, much
more sensitive to laser beam alignments, polarizations,
and detuning. Also other parameters like beam intensi-
ties and magnetic field strengths have strong influences
on the target density. A systematic and quantitative in-
vestigation of the dependences on these parameters is
extremely challenging if not impossible, because of the
many degrees of freedom, and, even more important, be-
cause not all of the parameters can precisely be measured
and easily reproduced during the adjustment (e.g. beam
geometries). In practice, all the parameters are changed
and optimized in an iterative process. The achieved tar-
get densities and duty-cycles are well reproducible; how-
ever, the optimized parameters are not necessarily always
exactly identical. In this chapter an overview of typical
parameter values and target properties is given.
TABLE I. Typical laser and magnetic field parameters used
in the experiment.
Parameter 2.5D MOT 2D MOT push- excitation
beam beam
detunings:
- cooler 18MHz 28MHz - 1/26MHz
- repumper 15MHz 15MHz 15MHz 15MHz
intensity 20mW 46mW 1.5mW 5mW
beam diameter 20mm 12mm 3mm 5mm
ReMi magnetic field strength 7 - 10G
2.5D MOT magnetic field gradients:
- longitudinal 10G/cm
- transversal 4.6G/cm
2D MOT magnetic field gradient 100G/cm
projectile
(kHz to MHz)
0 5.000
DAQ
t / s
DAQ
…
recapture
DAQ enable
10.000 15.000
MOT laser beams
excitation beam
(optional)
MOT coil current on
off
FIG. 9. Typical switching cycle. Periods of data acquisition
(DAQ) and lithium recapture are alternating in a loop. Two
full cycles are shown in the graph.
A. Operating parameters and switching cycle
In table I a set of exemplary MOT operating parame-
ters is given. It should be noted that the parameters are
generally correlated. E.g. a change of the ReMi magnetic
field would make an adaptation of the laser detuning nec-
essary in order to achieve optimal target density. Because
such modifications affect the dynamics of the atoms in
the trap, a realignment of beam positions (which hardly
can be quantified) might be required, too.
After carefully optimizing the parameters, a switch-
ing cycle as depicted in Fig. 9 can be executed. The
current of the MOT coils is typically switched on and
off for durations of 5 ms. The data is acquired with the
ReMi in a time window that starts about 200 µs after
the switch-off of the MOT coil current and lasts until
the current is switched on again. Within this measuring
period the frequency of the cooling lasers can be shifted
for about 200 µs with an AOM far off resonance. During
this time, all the atoms in the target cloud are in the
2S1/2 ground state and ionization can be studied state-
selectively, whereas during the remaining data acquisi-
tion time, a fraction of the atoms (about 20 %) are in
the excited 2P3/2 state. Cross sections for the ionization
10
from this excited state can be extracted by calculating
the appropriate difference of cross sections measured dur-
ing time windows when the laser is close to and far off res-
onance, respectively (cf. equation 7). Optionally, a dedi-
cated cooling laser can be employed during a short time
window allowing the optical pumping of the target and
selectively populating only one excited magnetic-sublevel
(see chapter III C). In all experiments performed so far,
the pulsed projectile beams were not synchronized to the
switching cycle of the MOT. However, the repetition fre-
quencies of the projectile pulses are usually much higher
(ca. 3 MHz for the ion beam in the TSR, 8 kHz for UV
laser system) than the frequency of the MOT switching
cycle (100 Hz) and, therefore, the final event rate is es-
sentially independent on their relative time shifts.
B. Target temperature and density
The density and temperature of the target gas cloud
are decisive parameters for collision experiments because
they potentially limit the achievable coincidence rate
and momentum resolution, respectively. In the switched
mode, the temperature of the trapped atoms does not
only influence the resolution but also the expansion of
the atomic cloud and therefore the maximum time the
MOT magnetic field can be switched off. These param-
eters were measured by fluorescence imaging where the
rate of emitted photons along with the spatial distribu-
tion of the target cloud is recorded with a CCD camera.
The scattering rate for the photon absorption and re-
emission is given by
ΓSR = γρee . (1)
γ = 1/τ denotes the inverse lifetime of the excited state
and ρee is the relative population of the excited state,
given by10
ρee =
s0/2
1 + s0 + (2δ/γ)2
. (2)
Here, δ is the detuning of the laser beams from resonance
and s0 = I/Is is defined by the ratio of the laser intensity
I and the saturation intensity,
Is =
pihc
3λ3τ
. (3)
With the laser parameters used in the experiments as
shown in table I, the relative population of the excited
state is estimated to be ρee = 20%.
The number of atoms in the trap is obtained by
Natom =
Nph
ΓSR · texp , (4)
where Nph corresponds to the photons emitted during
the measuring period texp (i.e. the exposure time of the
camera).
Typical atom numbers in the present trap are around
106 atoms in the 2.5D MOT configuration with continu-
ous current at the MOT coils. With atomic cloud diam-
eters of 2 - 3 mm, this corresponds to a number density
of up to ρMOT = 109 atoms/cm3. In the switched mode
this number is reduced by a factor of about 10.
Compared to other lithium MOTs reported in
literature23,44,51, the obtained particle numbers are two
to three orders of magnitude lower, because the loss rates
of atoms in the 2.5D MOT are higher and the loading
rates lower as compared to conventional MOT opera-
tion. However, in the experiments performed so far the
achievable data rate was limited by the performance of
the acquisition electronics rather than by the obtainable
luminosities because the low target densities could easily
be compensated by very high projectile beam intensities.
In general, we do not believe that the presently
achieved number densities correspond to a fundamental
limit of our operation mode and we expect that there is
a large potential of optimizing the trapping performance.
This could be achieved e.g. by increasing the flux of the
atom source or by employing a more elaborate switching
cycle where a dedicated period for capturing from the
atomic beam could be implemented additionally to the
continuous loading of the trap.
The equilibrium temperature of atoms exposed to near-
reasonant cooling laser beams is given by52
kBT =
~γ
4
(
2|δ|
γ
+
γ
2|δ|
)
(5)
at sufficiently high laser intensities. For an optimal de-
tuning of δ = γ/2 the minimum temperature that can be
reached is given by the Doppler cooling limit
TD =
~γ
2kB
. (6)
In a magneto-optical trap the heating and cooling rates
are modified due to the influence of the magnetic fields
introducing a velocity dependent scattering force. There-
fore, the achieved temperature might be higher as given
in equation 6 and also - among other factors - depend on
the intensities of the laser beams.
For the experimental determination of the MOT tem-
perature a time-of-flight method was used where the ex-
pansion of the atomic cloud after the switch-off of mag-
netic fields and cooling lasers is measured. The atomic
cloud expands for a certain period (between 100 µs and
900 µs) and its size is recorded via fluorescence imaging.
The measured size derives from the initial distribution
of the cloud and the time-dependent thermal spreading.
The temperature estimated in this way is between 2 and
3 mK. This is about an order of magnitude higher than
11
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FIG. 10. Relative intensities of the fluorescence light observed
in the direction perpendicular to the magnetic field. A po-
larizer plate with varying angle is used in front of a CCD
camera. The data are for three different excitation schemes:
Excitation with the MOT cooling lasers (full triangles), op-
tical pumping with σ− (open circles) and σ+ (full squares)
polarized laser beams. The dotted, dashed, and solid lines
are the corresponding sinusoidal fits of the measured data.
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FIG. 11. As in Fig. 10 but the observation angle is 12◦with
respect to the magnetic field direction and a λ/4 plate is com-
bined with the polarizer in front of the camera. For the ex-
citation scheme including the cooling lasers, the polarization
of the fluorescence light has not been analyzed.
the Doppler limit but, corresponding to a momentum
spread of the atoms of only 1× 10−2 a.u., is still much
smaller than other contributions to the overall momen-
tum resolution (see table III).
C. State preparation and polarization
Lithium atoms in the magneto-optical trap are easily
prepared in an excited state for scattering experiments,
because already the cooling lasers promote a fraction of
the atoms (ρee, cf. Eq. 2) to the 22P3/2 state. However,
the separation of state-selective cross sections for the ion-
ization from the excited state requires the subtraction of
the background due to ground state ionization. To this
end, the 22S1/2 ionization cross sections σ2s are mea-
sured during a short time period of typically 200 µs in
the switching cycle when the laser beams are switched
off (see chapter IIIA). The cross sections σ2p for the ion-
ization from the excited 22P3/2 state are then deduced
from the distributions with the lasers being switched on,
σ2s+2p, according to the relation28
σ2p =
1
ρee
[σ2s+2p − (1− ρee)σ2s] . (7)
For many experiments it is desirable not only to excite
the target atoms but also to prepare them in a specific
magnetic sublevel. Already the red-detuning of the laser
beams in combination with the homogeneous magnetic
field remaining when the MOT field is switched off result
in the polarization of the target atoms, because the low-
est lying Zeeman levels of the excited state are predomi-
nantly populated (cf. Fig. 7). For these levels the electron
orbital momentum is mostly oriented anti-parallel to the
magnetic field direction (i.e. mL = −1).
The degree of polarization can be increased by em-
ploying optical pumping10. For that purpose, the cool-
ing laser beams are switched off for about 200 µs and
the atoms are illuminated by an additional pair of coun-
terpropagating beams almost parallel (with an angle of
about 12◦) to the magnetic field direction. The beams
contain the cooler frequency, which can be shifted by a
few ten MHz with an AOM, and the repumper frequency.
By choosing the appropriate detuning and helicity of the
light (σ+ or σ−) the atoms are excited to the 22P3/2
state, with either mL = +1 or mL = −1, respectively.
In this way even spin-polarization of the target can be
realized17.
The population of the magnetic sublevels was mea-
sured by fluorescence imaging, exploiting the different
angular emission characteristics and polarizations of the
light emitted in σ+, pi, and σ− transitions. The inten-
sities of these transitions correspond to the populations
of the excited mL = +1, mL = 0, and mL = −1 states,
respectively. The relative population P0 of the mL = 0
state is extracted from the polarization of fluorescence
light that is emitted in the direction perpendicular to the
magnetic field (see Fig. 10). In this direction, the frac-
tion of the light polarized parallel to the quantization
axis (i.e. for polarizer angles of 0◦ in the figure) origi-
nates from pi transitions. For the observation direction
along the quantization axis, there is no intensity from pi
transitions and the ratio between the intensities of left
and right circularly polarized light directly reflects the
ratio of the populations P+1 and P−1 in the mL = +1
and mL = −1 state, respectively. Here, a λ/4 plate and
a polarizer were combined and positioned in front of the
camera. In Fig. 11 the intensity is shown for varying rel-
ative angle between λ/4 and polarizer plate and for an
observation angle of 12◦ with respect to the quantization
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P−1 P0 P+1 P
σ− excitation 0.99 0.00 0.01 0.98
σ+ excitation 0.02 0.05 0.93 0.90
exc. with cooling lasers 0.86a 0.09 0.05a
TABLE II. Relative populations P−1,0,+1 of the magnetic sub-
levels and degree of polarization P for different excitation
schemes. The experimental errors are about 0.02.
a estimated values
axis.
The populations P−1, P0, and P+1 obtained for the
excitation with all the cooling beams and with optical
pumping using σ+ or σ− polarization are extracted from
Figs. 10 and 11 and listed in table II. The degree of po-
larization P is defined as
P =
√
(P−1 − P0)2 + (P−1 − P+1)2 + (P0 − P+1)2
2
.
(8)
For the optical pumping with the σ− polarized ex-
citation beam a polarization degree close to 100% is
achieved. For σ+ excitation, the optical pumping is less
efficient because in this case the laser frequency is near-
resonant for transitions to several Zeeman levels. There-
fore, many Zeeman levels are excited and the optical
pumping efficiency is diminished. However, even for the
σ+ excitation a polarization of about 90 % is achieved.
IV. COMMISSIONING EXPERIMENTS
The novel MOTReMi apparatus was used in sev-
eral experimental runs studying ion-atom collision dy-
namics. Experimental cross sections as well as com-
parisons to theory and interpretations are published
elsewhere25,28,29. Here, experimental data of photoion-
ization and ion-impact ionization will be discussed with
the focus on the momentum imaging characterization of
the setup and the analyses of the data.
A. Photoionization
The ionization of target atoms by single photons with
well-defined energy and polarization is an ideal process to
characterize the properties of the momentum spectrome-
ter. For photoionization the energy and momentum con-
servation results in particularly simple conditions for the
electron and recoil ion momenta ~pe and ~pr:
~pe = −~pr (9)
|pr| = |pe| =
√
2me(~ω − IP ) (10)
There, the target ionization potential is IP , the pho-
ton energy is ~ω, and the photon momentum is neglected.
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FIG. 12. Typical Li+ ion (a) and electron (b) momentum
distributions in the xz-plane after photoionization from the
22P3/2 state in a 266 nm laser pulse.
Moreover, for some geometries the angular emission char-
acteristics can easily be deduced due to dipole selection
rules.
In the present experiment a compact Nd:YAG laser
system, a so-called MicroChip laser (Teem Photonics
Inc.), is integrated in order to perform calibration mea-
surements before and after each experimental run. The
laser is passively Q-switched providing pulse lengths of
600 ps with repetition rates of about 7 kHz. The wave-
length of 266 nm is obtained by quadruplication of the
Nd:YAG fundamental frequency and corresponds to a
photon energy of 4.66 eV.
Because the ionization threshold of the 22S1/2 state
is 5.39 eV, the atoms cannot directly be ionized by ab-
sorbing a single photon. However, atoms prepared in the
excited 22P3/2 state with IP =3.54 eV are ionized with
a high probability resulting in a kinetic energy of the
ejected electrons of ~ω − IP =1.12 eV.
1. Momentum reconstruction and resolution
Calibrating the measured spectra can be very chal-
lenging particularly for ion-impact ionization, because
the momentum distributions are often broad and do not
feature significant and narrow structures or resonances.
Therefore, the accurate knowledge of the spectrometer
fields and geometry is indispensable for the calibration53.
For photoionization, however, this task is significantly
simplified due to the relation of momenta and energy
given in Eqs. 9 and 10. Here, electrons and target ions
are emitted back-to-back and their momenta have to have
a constant absolute value, i.e. they are on a sphere in mo-
mentum space with a well-defined radius.
In the present experiment, the excess energy is 1.12 eV,
corresponding to a momentum of 0.286 a.u. for both frag-
ments. In Fig. 12 typical recoil ion (a) and electron
(b) momentum distributions are shown in the xz-plane.
Here, the z direction corresponds to the spectrometer axis
while the x direction can be any axis perpendicular to it.
Both distributions feature a ring-like structure with a ra-
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momentum resolution transversal longitudinal
Li+ ions 0.07 a.u. 0.035 a.u.
electrons 0.1 a.u. 0.01 a.u.
TABLE III. Resolution (FWHM) of electron and recoil ion
momentum components achieved with the MOTReMi.
dius of 0.286 a.u. Additionally, the electron momentum
spectrum exhibits two vertical stripes with no intensity.
There, all the electrons perform an integer number of full
cyclotron revolutions hitting the detector on the same
spot (see chapter IVB1 for details). For these electrons,
no information on their transverse momentum can be ob-
tained, and the data is therefore cut out in the analysis.
The resolution of the momentum components can eas-
ily be extracted from the width of the ring structures in
the spectra in Fig. 12. The best achieved resolutions in
photoionization measurements so far are listed in table
III. In the present experiment the thermal momentum
spread is only about 0.01 a.u. (see chapter III B) and is,
therefore, negligibly small.
For the electrons the longitudinal momentum resolu-
tion is limited by the finite time-of-flight resolution (typ-
ically 1 ns). For the recoil ions the limiting factors are
electric fringe fields and fluctuations of the voltage sup-
plies. In the transverse direction, the finite size of the
reaction volume mainly contributes to the uncertainties
in the momentum measurements. Applying spatial focus-
ing as discussed in chapter IIA 2, can help to significantly
improve the target ion transverse resolution. We expect
that the recoil ion transverse momentum resolution could
even be enhanced by reducing this field, which might be
a viable option in experiments where no electrons are
detected.
It should be noted that the momentum resolution does
not only depend on the settings of the MOTReMi but
also on the projectile beam specifications such as beam
diameters, orientations, and pulse durations. In the
present experiment, the reaction region is defined by the
overlap of the target cloud (2 mm diameter) with the ion-
izing laser beam which is perpendicular to the spectrom-
eter axis and has a width of about 2 mm diameter. In
ion impact ionization studies the projectile beam has a
diameter of about 1 mm and is oriented almost parallel to
the spectrometer axis. This allows for somewhat better
transverse momentum resolutions for ion impact ioniza-
tion than for the present photoionization experiment. In
general, we expect a further improved resolution in exper-
iments like multi-photon ionization, where the reactions
take place in a very small volume with the size of the
laser focus (typically a few 10 µm).
2. Angular emission characteristics
For well-defined laser polarizations and initial target
states, general expressions of the angular distribution
(a) (b) (c)
FIG. 13. Three-dimensional polar plots of angular distribu-
tions of the Li fragments after photoionization from the 22P3/2
state with mL = −1: Absolute square of spherical harmonics
|Y −12 |2 (a), measured angular distributions of electrons (b)
and Li+ ions (c). The yellow and blue arrows indicate the
polarizations of photons and target atoms, respectively.
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FIG. 14. Data from Fig. 13 integrated over the azimuthal
angle ϕ: Spherical harmonics |Y −12 |2 (line), electron (full
squares) and recoil ion (open circles) ϑ-distributions.
of emitted electrons are given e.g. in Ref. 54. While
the final state is generally a coherent superposition of
several partial waves, for some polarization geometries
the situation simplifies significantly. Here we discuss the
case where the target is initially in the |L = 1,mL = −1〉
state and the atom and laser polarizations are aligned to
each other. In this case, the ionizing transition fullfills
∆mL = 0 for linear laser polarization, i.e. only one par-
tial wave contributes to the final continuum state, namely
|L = 2,mL = −1〉.
In Fig. 13(a) the theoretical angular distribution is
shown which corresponds to the absolute square of the
spherical harmonics Y2,1(ϑ, ϕ). In (b) and (c) the mea-
sured distributions of electron and recoil momenta are
plotted, respectively. In general, experimental data
and theoretical distribution are in very good qualitative
agreement. For the quantitative comparison we inte-
grated the data over ϕ and compared the ϑ dependence
of the cross sections in Fig. 14. For the measured electron
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angles the data agrees almost perfectly except in the ϑ
ranges between 45◦ and 65◦ as well as between 115◦ and
135◦. This can be explained by the suppression of the
measured electron intensity due to the cyclotron motion
of the electrons (cf. Fig. 12 and chapter IVB1). The ion
data is not compromised by this effect and good agree-
ment is observed.
B. Ion impact ionization
In the last decade numerous experiments obtaining
fully differential cross sections for ion-impact ionization
were performed (for a review see Ref. 55). For many
of these experiments (and generally for all experiments
with reaction microscopes) the electron momentum res-
olution was strongly impaired in certain parts of the fi-
nal momentum space due to their cyclotron motion in
the homogeneous magnetic field53. This limitation has a
substantial effect particularly in those experiments where
the electric field used for electron extraction is oriented
parallel to the projectile beam axis. In the present setup
the geometrical configuration and symmetry considera-
tions of the cross sections allow correcting for the above-
mentioned constraint and high resolution cross sections
can be extracted for almost the full electron momentum
space.
1. Intensity reconstruction of the final electron momentum
space
In reaction microscopes the ejected electrons are
guided with parallel electric and magnetic fields onto the
position- and time-sensitive detector. While in the longi-
tudinal direction, i.e. along the field vectors, the electron
motion is only governed by the electric field, the trans-
verse motion is strongly modified by the magnetic field.
In the plane perpendicular to the extraction direction
the electrons travel on circles whose radii are propor-
tional to their transverse momentum. For certain time-
of-flights, when the electrons perform one or several com-
plete turns, they arrive at the same spot on the detector
irrespective of their transverse momentum and no energy
information is obtained. Those events, i.e. with electron
time-of-flights close to a multiple of the cyclotron pe-
riod, are omitted in the analyses resulting in well-defined
void ranges in the measured electron momentum spectra.
This effect manifests itself in the blank vertical stripes in
spectrum Fig. 15(a), where the single ionization cross sec-
tion in 16 MeV Li2+ collisions is presented as a function
of the electron momenta longitudinal and transverse to
the spectrometer axis.
It should be noted that the collision geometry is not
tagged by the spectrometer axis. The only relevant ori-
entation defined by the experimental arrangement is the
projectile beam direction (at least for unpolarized tar-
gets or for target polarizations parallel to the beam axis).
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FIG. 15. Double differential cross sections for the single ion-
ization of lithium in collisions with 16MeV Li2+ as a function
of the electron momentum components. In (a) the compo-
nents p′‖ and p
′
⊥ are oriented parallel and perpendicular to the
spectrometer axis, respectively. In (b) and (c) the reference
frame for p‖ and p⊥ is chosen with respect to the projectile
beam axis. In (c) the cross section is shown after the intensity
correction described in the text.
That results in a cylindrical symmetry of the cross sec-
tion with respect to the direction of the incoming projec-
tile. In other words, the absolute value of the azimuthal
angles φ of the momenta do not contain any important
physical information. In contrast, the relative azimuthal
angles of e.g. electron and recoil ion momenta (φe − φr),
or electron and outgoing projectile momenta (φe − φp)
are obviously relevant for the momentum balance in the
collisions. Therefore, integrating over φe but preserving
the information on the relative angles does not reduce
any information on the collision dynamics.
In Fig. 15(b) the same data as in (a) are shown, but the
longitudinal direction does not coincide with the spec-
trometer axis but with the projectile beam. The spec-
trum is obtained by the 8◦ rotation (corresponding to the
inclination of the spectrometer axis, see chapter IIA 1) of
the 3D electron momentum distribution in the spectrom-
eter frame and the integration over φe. In this spectrum,
the experimentally inaccessible regions are reduced to
small triangles close to the abscissa. Moreover, the void
regions in the 3D momentum space result in v-shaped
areas with suppressed intensity.
The reduction of intensity can be understood as fol-
lows: The integration over φe corresponds to the sum-
mation of the data along a circle in the electron momen-
tum space with radius p⊥ centered to the longitudinal
axis at the position p‖. Due to the rotation of the ref-
15
erence frame with respect to the spectrometer axis, this
circle can partially be located in the void momentum
space regions resulting in the reduction of intensity. By
which factor the intensity is reduced can easily be derived
for each pair of longitudinal and transverse electron mo-
menta. It corresponds to the relative range of φe angles
for which the abovementioned circle is in the void part
of the momentum space. By multiplying the measured
intensity with the inverse of this reduction factor the cor-
rected cross section is obtained.
In Fig. 15(c) the cross section is shown after recon-
struction of the full intensities. Here only small com-
pletely blank regions remain and the v-shaped structures
with reduced data almost vanish. Therefore, the present
experiment is substantially less affected by resolution is-
sues due to the cyclotron motion of the electrons as com-
pared to earlier experiments where the spectrometer axis
was aligned to the projectile beam.
V. CONCLUSION
A reaction microscope (ReMi) combined with a
magneto-optically trapped target (MOT) was developed
and commissioned. This innovative combination is world-
wide unique and it represents in several respects a signif-
icant advancement in the investigation of atomic frag-
mentation dynamics: On the one hand, with alkali and
alkaline earth metals a large and very important class of
atomic species becomes available as target for scattering
experiments. These are particularly appealing, because
they have only one (or two, respectively) valence elec-
trons representing rather simple atomic system that allow
studying the most fundamental aspects of atomic dynam-
ics. On the other hand, techniques for state-preparation
and manipulation of atoms by optical lasers are applica-
ble and the initial target state can be chosen to be excited
and even polarized. This provides unique possibilities to
study e.g. the dependence of the fragmentation dynamics
on the initial target state or target orientation.
Experiments on photoionization of laser-excited
lithium atoms in 266 nm laser pulses were performed
which allow for the detailed characterization of the
present setup. The achieved momentum resolution is
excellent and for the recoil ions just as well or slightly
better than in the best COLTRIMS experiments per-
formed to date. It is presently limited by the spatial
extension of the reaction volume and it can be expected
to be even improved in experiments with smaller inter-
action regions. For the preparation of lithium atoms in
the excited 22P3/2 state a polarization of close to 100 %
was achieved by employing optical pumping.
The MOTReMi represents a first step in applying
the comprehensive toolbox developed for the prepara-
tion and manipulation of atomic quantum-gases to scat-
tering experiments. In future experiments, optical trap-
ping, cooling (even to degeneracy) and manipulation will
allow for an unprecedented level of target control pro-
viding insights in the correlated dynamics of few-particle
quantum-systems on a hitherto unreachable level of de-
tail.
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